By means of static ab-initio computations we investigate the influence of Al on the recently discovered perovskite to post-perovskite phase transition in MgSiO 3 . We examine three substitution mechanisms for Al in the two structures: MgSi → AlAl; SiSiO → AlAl ; and Si → AlH. The substitutions introducing oxygen vacancies (highly unfavorable, energetically) and water (favorable) both lower the 0 Kelvin transition pressure, whereas charge coupled substitution increases it relative to 105 GPa for pure MgSiO 3 . From the transition pressures for 0, 6.25, and 100 mol% charge coupled Al 2 O 3 incorporation and simple solution theories, we estimate the phase diagram of Al-bearing MgSiO 3 at low Al concentrations. Assuming the Clapeyron slope is independent of Al concentration, we find the perovskite-to-post-perovskite transition region to span 127-140 GPa, at 6.25 mol% Al 2 O 3 . When the upper pressure limit is bounded by the core-mantle boundary, the phase coexistence region has width 150 km.
Introduction
At the base of the Earth's mantle lies a distinct layer a few hundred kilometers thick.
This layer, known as D", serves as a thermal and chemical boundary layer between silicate mantle rock and molten iron alloy outer core [Lay et al., 2004] . Its distinguishing features include a sharp discontinuity (of about 1%) in density and shear wave velocity [Sidorin et al, 1998 ] in some places, and a low velocity layer in other places [Garnero et al., 1993] .
The large lateral seismic heterogeneity and observed negative correlation between shear and bulk sound speed cannot be explained by thermal variations alone [Su & Dziewonski, 1997; Vasco & Johnson, 1998; Masters et al., 2000] Additionally, seismic obvervations indicate shear wave splitting in the D" [Garnero & Lay, 1997] . These features potentially provide valuable constraints on its nature and may be attributed to core-mantle reactions [Knittle & Jeanloz, 1989 , 1991 , subduction debris [ Van der Voo et al., 1999] , a phase change in mantle minerals, or a combination of the above.
The discovery of MgSiO 3 post-perovskite, stable at lowermost mantle conditions, provides one of the possibilities mentioned, and has led to numerous efforts to integrate this phase into the current view of the D" layer. According to experimental Shim et al., 2004; Oganov & Ono, 2004] and computational work [Iitaka et al., 2004; Oganov & Ono, 2004; Tsuchiya et al., 2004] , the structural transformation from MgSiO 3 perovskite to post-perovskite occurs along a univariant line of positive Clapeyron slope passing through 125 GPa at 2100 K and up to 145 GPa at 2600 K, coinciding with D" conditions: 127-136 GPa, 2800-4000 K. The computed jumps in density and acoustic velocities [Oganov & Ono, 2004] Thus we constrain the coexistence depths of the two phases in the presence of Al 2 O 3 . We find a smooth transition over ∼150 km, extending to pressures just below CMB pressures (127) (128) (129) (130) (131) (132) (133) (134) (135) (136) (137) (138) (139) (140) . This suggests that, in the presence of Al, the perovskite to post-perovskite phase transition may not explain the sharp discontinuity at the top of the D" layer; however, it is consistent with a wide region of negative correlation between bulk and shear wave velocities. 
Computational Technique
Internal energies are computed from first-principles calculations based on density functional theory, using fixed-volume cell optimizations with respect to cell shape, atomic positions, and electronic wave functions. We use the Vienna Ab Initio Simulations Program (VASP) [Kresse & Furthmüller, 1996a, b] . Electronic exchange and correlation are approximated within the Generalized Gradient Approximation (GGA) [Perdew, 1991] .
Pseudo-wave functions describe the core electrons [Vanderbilt, 1990; Kresse and Hafner, 1994] of Mg, Al, Si, H, and O, with core radii (in Bohr) of 2.000, 1.820, 1.800, 1.250, and 1.550. Plane waves of kinetic energy up to 1000 eV are included, and the electronic k-grids are described by Monkhorst-Pack grids [Monkhorst & Pack, 1976] 
We consider three Al incorporation mechanisms into MgSiO 3 : MgSi → AlAl (charge coupled mechanism: CCM), SiSiO → AlAl (oxygen vacancy forming substitution: OVM),
and Si → AlH (hydrous Al substitution: AlHM). In each case, the cell contains 80 atoms. 
Results
Enthalpies of solution for Al incorporation into perovskite and post-perovskite structures indicate that oxygen vacancy substitution is highly unfavorable in both phases (Figure 1) . If water is available, the substitution of AlH for Si has a small, positive enthalpy of mixing, relative to ice X; this is easily overcome at finite temperature by the entropy of notable. On the other hand, CCM, at 6.25 and 100 Al2O 3 mol%, increases the transition pressure to 112 and 113 GPa, respectively. Equations of state are summarized in Table 1. CCM expands the volume and lowers the bulk modulus of perovskite, whereas it decreases the volume and does not much affect the bulk modulus of post-perovskite.
Calculations are carried out with equal Al concentrations in the two phases; an equilibrium pressure determined by this means is "pseudo-univariant". However, the endmember equilibria in pure MgSiO 3 and Al 2 O 3 and one pair of such calculations for Al-bearing perovskite and post-perovskite at equal concentration are sufficient to determine the divariant phase loop of Al-bearing MgSiO 3 , if a reasonable assumption about the form of the solution models is made. We show the results of two such models for both phases: Henry's Law for dilute Al 2 O 3 concentrations, and symmetric regular solutions for the whole binary.
In both cases we focus on the CCM for Al incorporation.
To derive both constructions, we begin with the endmember equilibrium at the transition pressure, P 0 .
where µ φ c is the chemical potential of component c in phase φ. At an arbitrary pressure P where the volume change is not too large, relative to that at P 0 , Equation 2 can be re-written by relating volume to the Gibbs free energy and pressure (V = ∂G/∂P ). where φ is either perovskite or post-perovskite. If the pseudounivariant calculation at Al 2 O 3 fraction X 1 yields the transition pressure P 1 , then 
where R is the universal gas constant, and Henry's Law for Al 2 O 3 ,
where Henry's constant is absorbed into the converted standard state. The present work with 0 and 6.25 mol% Al 2 O 3 in MgSiO 3 yields a difference between converted standard states for Post-Pv and Pv of ∆µ † = 29 kJ/mol.
For the regular solution model, we instead use:
where W φ is an interaction parameter representing deviation from ideality. From the excess enthalpies derived in this work, W P v = 40 kJ/mol and W P ost−P v = 69 kJ/mol. At any condition where Pv and Post-Pv coexist,
From the pure endmember transition pressures and phase volumes, and from the pseudounivariant transition pressure (P 1 ) at Al 2 O 3 concentration (X 1 ), we obtain the phase diagrams in Figure 3 , using Henry's Law and the regular solution model 1 at T = 2500 K. Note that our 100% Al 2 O 3 calculation does not lie at the position extrapolated using Henry's law from the 0 and 6.25% calculations; we therefore warn that there must be a deviation from Henry's law at some Al 2 O 3 concentration. The regular solution model fits all three concentrations and predicts this deviation, including a miscibility gap in PostPv at Al 2 O 2 concentrations and pressures higher than those relevant to the lower mantle.
Possible complexities, which can be investigated with calculations at more concentrations, include narrowing of the phase loop around basaltic Al 2 O 3 concentrations.
Discussion and Conclusion
It is apparent that with even a small amount of Al 2 O 3 , MgSiO 3 perovskite and postperovskite coexist over a large range in pressure (∼109-122 GPa at 0 K). Assuming that the Clapeyron slope given by Tsuchiya et al. [2004] for pure MgSiO 3 applies to the whole phase loop, the pressure range at 2500 K becomes ∼127-140 GPa. If we limit the upper pressure to that of the core-mantle boundary (136 GPa), and use the Preliminary Reference Earth
Model [Dziewonski & Anderson, 1981] to convert pressure to depth, then the phases coexist over ∼2740-2890 km. We find that the post-perovskite phase transition may therefore not be sufficient to explain a seismically sharp discontinuity at the top of the D" layer. This broad region of phase coexistence is, however, consistent with the seismically observed negative correlations between shear and bulk sound velocity.
There are additional issues to consider regarding the phase transition width. If the Clapeyron slope decreases with increasing Al concentration, then it is possible to recover a relatively sharp transition in the divariant case at high temperature; this remains to be tested. Furthermore, increasing the temperature decreases the width of the phase loop, but increases the transition depth. These trade-offs must be considered. Our calculations do not account for the effects of Fe in any oxidation or spin state. However, it seems unlikely that adding more components and increasing the variance of the coexistence region would narrow the transition, though this should also be tested.
Lastly, we note that the relative abundances of the coexisting phases vary nonlinearly with pressure, with most of the change occurring at lower pressure. Since we ignore pressures larger than 136 GPa, we need not correct further for this effect. Additionally, the apparent phase transition width, as observed seismically, may differ from the actual, petrologically-determined width. For upper mantle transitions, the apparent width can be calculated under the assumption of normal incidence [Stixrude, 1997] . This approximation does not apply to the D", where ray incidence angles range from 70 to 80 degrees.
An extension of the treatment to larger ray angles is not straightforward, and a more direct, seismic forward modeling approach would be required to determine whether the phase transition structure predicted for multicomponent mantle compositions would be seismically visible. 
